Aims/hypothesis We aimed to investigate the role of insulin in regulating human skeletal muscle metabolism in health and diabetes. Methods We conducted a systematic review and metaanalysis of published data that examined changes in skeletal muscle protein synthesis (MPS) and/or muscle protein breakdown (MPB) in response to insulin infusion. Random-effects models were used to calculate weighted mean differences (WMDs), 95% CIs and corresponding p values. Both MPS and MPB are reported in units of nmol (100 ml leg vol.)
Introduction
In humans, proteins constitute approximately 15% of body weight [1] . They are the primary macro-nutrient that forms skeletal muscle, which in turn contains approximately 30-45% of total body protein and contributes to 20-35% of whole-body protein turnover. Both amino acids (AAs) and insulin have been shown to play crucial roles in regulating diurnal changes in skeletal muscle protein turnover [2] , and Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3751-0) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
imbalances between the rates of muscle protein synthesis (MPS) and muscle protein breakdown (MPB) have important consequences for muscle size, quality and function [3] . 'Sarcopenia' describes the loss of skeletal muscle mass and strength that occurs with advancing age [4] . The ageing process itself is characterised by the incipient development of sarcopenia, where a steady decline in lean mass (and associated function) of approximately 1% per year beyond 60 years of age has been reported [5] . Because of associated frailty, sarcopenia leads to decreased quality of life and health, characterised by poor mobility, sedentarism, an increased risk of falls and poor recovery from illness [6, 7] .
Data from epidemiological and experimental studies have reported that type 2 diabetes is related to poor muscle strength and function, with an accelerated rate of decline in muscle quality and strength in older individuals of up to 30% [8] . In view of the rising prevalence of diabetes and the metabolic sequelae of age-related sarcopenia, there has been increased interest in the mechanisms by which type 2 diabetes exacerbates the age-related decline in muscle mass. Furthermore, since skeletal muscle is an important site for glucose disposal, quantitative reductions in appendicular muscle volume might potentially adversely affect glucose disposal and metabolism [9] . Increased understanding of the endocrine factors that regulate muscle mass is therefore important in terms of glycaemic control and countering sarcopenia.
Many patients with type 2 diabetes eventually require insulin to achieve optimal glucose targets, as the ability to produce endogenous insulin from pancreatic beta cells progressively declines [10] . However, insulin therapy is associated with weight gain [11, 12] , predominantly fat mass [13] , which increases insulin resistance and necessitates the use of higher doses of insulin at the expense of further weight gain. The exact role of insulin in human skeletal muscle metabolism, however, continues to raise debate. Although animal studies have reported that insulin promotes MPS, these studies have mainly been performed with growing animals [14, 15] . The role of insulin in adult human skeletal muscle is more complex and subject to interplay between other factors such as AA availability, muscle blood flow and microvascular recruitment [16, 17] . This has led to various studies reporting opposing conclusions when it comes to the relationship between insulin and human skeletal muscle protein turnover [16] [17] [18] [19] [20] [21] [22] . We therefore undertook a systematic review and meta-analysis in an attempt to clarify the role of insulin in regulating muscle metabolism in humans.
Methods
A systematic search of MEDLINE and EMBASE, and of reviews and the references lists of relevant articles, was conducted using the terms 'muscle protein synthesis' OR 'fractional synthesis rate' OR 'muscle protein anabolism' OR 'muscle protein metabolism', paired with the term 'insulin'.
Study selection We searched English-language studies published between 1946 and November 2013. Peerreviewed papers investigating the role of insulin on MPS and/or MPB were selected. All experimental studies that reported changes in muscle protein metabolism in humans in response to interventions with insulin were selected for the systematic review, regardless of the method of evaluation. Both the two-pool (compartment) and three-pool methods were used in reporting muscle protein metabolism, and both provide qualitatively comparable changes in protein metabolism from blood and intracellular enrichment of phenylalanine [21] . In the two-pool (artery and vein) model, phenylalanine enters and leaves the limb via the artery and vein, respectively. The rate of disappearance of phenylalanine from the artery is used to estimate MPS, and is derived from measurements of the rate of MPB and net balance (NB); MPB is determined by the rate of appearance of phenylalanine in the vein (i.e. the dilution of tracer enrichment across the limb), while NB is simply the concentration difference of phenylalanine across the limb. In the threepool (artery, vein and muscle) model, phenylalanine enters and leaves the limb as above. The unidirectional flow of free phenylalanine from the artery to the intramuscular compartment is determined as the rate of its inward transport. The rate of the intracellular appearance of phenylalanine defines the rate of release from MPB. Since phenylalanine is not oxidised by skeletal muscle, the rate of its intracellular use corresponds to the rate of use for MPS [22] .
In the studies we reviewed, the two-pool model was the most commonly used analytical method and phenylalanine was the most commonly used AA tracer. Therefore, in order to allow comparable quantitative analysis of the studies eligible for the systematic review and to prevent significant heterogeneity, the meta-analysis only included studies that used the two-pool model to analyse phenylalanine data, as opposed to other analytical methods or other AA tracers (e.g. leucine). Three-pool data were included in the systematic review. Due to a large overlap between studies that reported two-and three-pool data (n=10) and the significantly fewer studies that exclusively reported three-pool data (n = 5), we did not perform a meta-analysis of the three-pool data.
Data extraction and statistical analysis All studies meeting the inclusion criteria were reviewed. The primary outcome was the change in MPS and/or MPB in response to insulin intervention. Published data were extracted from the studies and SDs of the means were calculated. Because of similar reporting methods of measurement between the included studies, random-effects models were used to calculate weighted mean differences (WMDs), 95% CIs and corresponding p values. Heterogeneity between studies was assessed using the I 2 statistic, which describes the percentage of total variation across studies that is a result of heterogeneity rather than chance [23] . Because AAs are the principal substrate for protein synthesis, subgroup analyses were performed based on different levels of AA delivery to the muscle, and hence the amount available (increased, no change or decreased) for protein metabolism. Another subgroup analysis was performed with studies involving populations with diabetes. In these studies, AA delivery did not change. Meta-regression analysis was conducted to test for differences in the pooled estimates between subgroups, and to test whether pooled estimates differed according to other covariants (e.g. insulin concentration levels achieved, age or lean body mass).
Publication bias was assessed by examining a funnel plot as a function of effect size. Statistical tests for the meta-analyses were performed using the statistical package STATA 13.0 (StataCorp, College Station, TX, USA).
Results
Search results After removal of duplicates, 646 articles were retrieved from the search and the reference lists of selected articles (Fig. 1 ). Title and abstract screening led to 455 articles being excluded because of irrelevance (i.e. in-vitro studies, studies investigating liver protein metabolism) and a further 87 articles were excluded because the studies were conducted in animal skeletal muscle. A total of 104 potentially relevant articles were identified and evaluated in greater detail. Of these, a further 60 articles were excluded. The main reasons for exclusion were: (1) the studies assessed the role of nutritional interventions but not insulin per se; and (2) the articles were reviews rather than research study articles. A total of 44 articles encompassing 75 studies met the criteria for the systematic review. Of these 44 articles, 13 (containing 25 studies) were included in the meta-analysis, as they represented the largest group that contained quantitatively comparable data. All of the 25 studies used phenylalanine as the AA tracer, reported MPS/MPB in units of nmol (100 ml leg vol.) −1 min −1 and used the two-pool (arteriovenous balance) approach to estimate outcome variables.
Meta-analysis of study characteristics A total of 13 articles [16, [19] [20] [21] [24] [25] [26] [27] [28] [29] [30] [31] [32] , containing 25 experimental studies using different insulin concentrations, were identified for inclusion in the meta-analysis (Table 1) ; all analysed the effect of insulin on both MPS and MPB (Table 1) . A total of 173 individuals were included in these studies. A total of 13 studies involved young adults, and three of these 13 studies involved individuals with diabetes. Eight studies involved healthy older individuals, and there were no age data available for four studies. The average age of the participants ranged from 18 to 74 years. The majority of the studies (20 studies) used local intra-arterial insulin infusion to limit the development of systemic hypoglycaemia and an obligatory infusion of glucose, also to limit hypoaminoacidaemia [33] . This is of crucial importance, especially when supraphysiological insulin concentrations are used. Systemic insulin concentrations varied between 62.5 and 861.2 pmol/l. AA delivery (concentration of AA in the artery×arterial blood flow) was maintained in 14 studies and increased in eight studies. However, as a direct consequence of systemic insulin administration (see discussion below), circulating AAs were decreased in three studies. 
Effect of insulin on MPS

2).
On meta-regression analysis, the estimate size (WMD) was significantly different between subgroups based on AA availability (p=0.001).
The I 2 for the overall effect of insulin on MPS was 49% (p=0.003). This significant moderate heterogeneity seemed to be primarily due to heterogeneity within the increased AA subgroup (I 2 59%; p = 0.018). The other subgroups showed non-significant p values for heterogeneity, suggesting greater consistency among these studies compared with the overall MPS data (subgroups: maintained AA delivery: I 2 21%; p = 0.241; decreased AA delivery: I 2 0%; p=0.811; individuals with diabetes: I 2 0%; p=0.605).
Effect of insulin on MPB Data were pooled from the same 25 studies as for MPS. The WMD for MPB was −15.46 (95% CI −19.74, −11.18; p<0.0001; Fig. 3 ). AA availability did not have a significant impact on the estimated size of MPB (p=0.754). The I 2 for overall insulin effect on MPB was 13% (p=0.282), pointing to non-significant heterogeneity (Fig. 3) . Meta-regression analysis of other variables A metaregression analysis was conducted to test whether other confounding variables of interest would have any effect on the WMD (e.g. concentration of insulin infusion, age and lean body mass, where available). Differences in the infused insulin concentrations had no effect on MPS (p =0.955), MPB (p = 0.713) or NB (p = 0.621). There was also no effect for age differences (p = 0.480, p = 0.159 and p=0.610, respectively) or for changes in lean b o d y m a s s ( p = 0 . 4 3 3 , p = 0 . 9 3 6 a n d p = 0.61 7, respectively).
Effect of insulin on protein NB
Publication bias Funnel plots of the insulin effect on both MPS and MPB against SE showed no publication bias (see electronic supplementary material [ESM] Figs 1, 2).
Other data From the articles reviewed, 15 studies used three-pool data [21, 25, 28, [30] [31] [32] [33] [34] [35] . Two-pool data from ten of these studies were included in the meta-analysis, which by and large reported similar results with quantitatively different displays. All five studies that exclusively reported three-pool data showed that insulin improved NB protein acquirement [25, [33] [34] [35] . The increment in NB in these studies was primarily driven by either a reduction in MPB [34] or an increase in MPS [25, [33] [34] [35] . None of these studies involved a reduction in AA availability. Two of the studies reported an increase in MPS in an experimentally induced hyperinsulinaemic state in seemingly insulin-resistant individuals with severe burns who were being treated in a high-dependency unit setting [33, 35] . A summary of the systematic review of three-pool data is presented in Table 2 .
Discussion
Systemic insulin infusion leads to hypoglycaemia and reduced AA availability (hypoaminoacidaemia) for protein synthesis. To overcome these consequences, glucose and AA are coinfused to maintain target glycaemia and AA availability. Lack of quantitatively comparable data: 31 Fig. 1 Flow chart representing the article-retrieval process and outlining the articles that met the criteria for systematic review and meta-analysis. Only studies using the two-pool model and phenylalanine tracers were included in the meta-analysis Local intra-arterial insulin infusion appears to limit the effect of systemic hypoglycaemia and hypoaminoacidaemia, thereby avoiding the need for obligatory glucose (or AA) coinfusion [33] . Meta-analysis of these 25 studies showed no significant effect of insulin on MPS. Subgroup analysis, however, revealed that in healthy individuals, the effect of insulin on MPS only becomes significant when AA delivery to the skeletal muscle is increased. These results have been replicated by other researchers in studies where coinfusion of AA and insulin has successfully increased AA delivery to muscle [30, 31, [36] [37] [38] [39] [40] [41] [42] . In a study by Fujita et al, exercising for 45 min successfully increased AA delivery and MPS compared with non-exercising controls, although exercise per se has acute anabolic effects on muscle MPS [21] . In some studies, however, increased AA delivery has not produced an insulininduced increase in MPS [16, 43] . This is probably because the rises in AA delivery were very minimal and achieved mainly through increased blood flow, rather than an increased AA concentration. Older people display resistance to the anabolic effect of insulin compared with their younger counterparts, possibly through mechanisms related to endothelial dysfunction, reduced tissue perfusion and blunted anabolic signalling, rather than reduced glucose tolerance [30] . However, in the presence of increased AA delivery, insulin seems to preserve its anabolic effect in healthy older people. This seems to be the case whether the increments in AA delivery to muscle are achieved via physiological [24, 38] or supraphysiological [30] concentrations of insulin, pharmacologically using sodium nitroprusside [31] or via exercise [21] .
Increased insulin concentrations within the postprandial range do not appear to affect MPS. A previous study reported that, with incremental increases in AA concentrations, MPS responded positively to insulin concentrations of 139.0-194.5 pmol/l, rising by 22% from baseline and by 72% when higher AA concentrations were given [37] . On the other hand, another study reported that, in the presence of fixed concentrations of AA, increasing insulin concentration from 34.7 pmol/l to 500.0 pmol/l did not produce any further significant increments in MPS [39] . Insulin had no effect on MPS when AA delivery was unchanged from baseline. These results are also supported by other studies [17, 20, Louard et al(a) 1992 [19] Fryburg et al 1995 [26] Timmerman et al (1b) 28-31, 34, 44] . In all healthy human studies where AA availability has been reduced, MPS has been reduced or remained unchanged [18, 19, 37, 45, 46] , even in the presence of supraphysiological concentrations of insulin [18] . The meta-analysis of the 25 studies showed that insulin exerts its regulation of lean muscle mass principally via an anticatabolic effect in reducing MPB. This is more evident when looking at the data on NB, which showed a positive effect on muscle mass. Therefore, the proanabolic capabilities of insulin are predominantly driven by its ability to attenuate skeletal MPB, rather than any positive effect on MPS. This finding is in agreement with assessments from other researchers [16, 29] .
The insulin-induced reduction in MPB appears to be more potent when AAs are scarce. These findings are consistent with other studies that have reported a reduction in response to insulin [30, 32, 37, 39, 42, 44] with the exception of three studies, which did not observe any significant change in MPB [45, 47, 48] . This might well be due to anabolic resistance to insulin in a relatively older study population and the presence of diabetes mellitus. Interestingly, this maximal inhibition of MPB by insulin occurs in response to very modest elevations in insulin concentration (i.e. to 104.2 pmol/l) [44] .
Diabetes has been reported to attenuate the positive effect of insulin on MPS in the presence of maintained AA delivery [17, 20, 49] . However, in response to long-term intensive s.c. insulin treatment, Halvatsiotis et al found no difference in mitochondrial, sarcoplasmic or mixed MPS compared with healthy controls who did not receive insulin [50] . Whether increased AA intake in insulin-treated patients with diabetes will lead to increased muscle mass is not known. However, given the facilitative role of insulin in maintaining muscle mass, particularly in the presence of increased AA availability, it is tempting to speculate on the need to advise patients with diabetes who are on insulin treatment to increase their AA intake in order to harness the positive effects of insulin on muscle metabolism. In critically ill patients, where significant insulin resistance is expected, increases in MPS have been observed, but only when supraphysiological concentrations of insulin have been used [33, 51] . In a study of individuals with obesity [40] and heart failure [42] , MPB has been shown to reduce in response to insulin. Louard et al (c) 1992 [19] Newman et al 1994 [24] Timmerman et al (1a) 2010 [31] Biolo et al 1995 [25] Timmerman et al (2a) This reduction, however, was significantly less than that observed in healthy controls. Clearly, further studies are required to fully understand the role of insulin resistance in regulating MPS and MPB in type 2 diabetes. This review has several limitations. Different methods of estimating skeletal muscle protein metabolism and the lack of available primary data made it difficult to perform a full quantitative assessment by meta-analysis for all studies that met the inclusion criteria of the systematic review. We also acknowledge that the use of multiple studies per publication means that pooling of the studies is not entirely independent. In addition, since this is a meta-analysis of experimental studies, a full assessment of bias-as would normally be conducted in meta-analyses of randomised controlled trials [52] (e.g. sequence generation and allocation concealment to check for selection bias; blinding to check for possible performance bias, incomplete outcome data, selective reporting bias and other sources of bias)-could not be performed, as none of the studies used these methods for patient allocation. Furthermore, since all of the studies were of similar size, the funnel plot analysis might not be completely reliable in informing us of any publication bias.
In summary, this systematic review and meta-analysis suggests that the main role of insulin in human skeletal muscle anabolism is facilitative and is influenced by the rate of AA delivery. In situations where AA delivery is unchanged, supraphysiological concentrations of insulin are needed to achieve skeletal muscle anabolism. However, the role of insulin in reducing MPB is clearly evident in most studies. This effect is blunted in older people and in those with insulin resistance. This resistance is likely to be related to impaired insulin signalling of muscle protein metabolism and endothelial dysfunction, rather than to glucose intolerance. Further evidence is required to translate these findings into strategies to maximise muscle mass among patients with insulin-treated diabetes. Louard et al (a) 1992 [19] Biolo et al 1995 [25] Fryburg et al 1995 [26] Bell et al (a) 2006 [20] Timmerman et al (2a) 2010 [32] Newman et al 1994 [24] Gelfand and Barrett 1987 [16] 
